Electron crystallography has been used as the one of powerful tool for studying the structure of biological macromolecules at high resolution which is sufficient to provide details of intramolecular and intermolecular interactions at near-atomic level. Previously it commonly uses two-dimensional crystals that are periodic arrangement of biological molecules, however recent studies reported a novel technical approach to electron crystallography of three-dimensional crystals, called micro electron-diffraction (MicroED) which involves placing the irregular and small sized protein crystals in a transmission electron microscope to determine the atomic structure. In here, we review the advances in electron crystallography techniques with several recent studies. Furthermore, we discuss the future direction of this structural approach.
INTRODUCTION
The ultimate goal of structural biology is to understand the protein function and its physiological mechanisms by determining the three-dimensional (3D) structure. Several techniques have been used for the purpose, including X-ray crystallography, nuclear magnetic resonance (NMR), and electron microscopy (EM). X-ray crystallography is the most successful technique for the structural study of many proteins (Berman et al., 2000) . In a traditional X-ray crystallography, X-ray beam is directed towards protein crystal, resulting in the scattering portions of X-ray photons to form a diffraction pattern. During the process, the crystal is rotated at small angles and other diffraction patterns are recorded. Eventually, after repeated iterations, the structure of the protein can be reconstructed from the accumulated diffraction patterns (Shi et al., 2013) . Although, there is a great development in X-ray crystallography, it still remains a bottleneck for protein structure determination. The crystal used in X-ray crystallography must be large well-ordered. However, some proteins such as membrane proteins and protein complexes, may never yield the large well-ordered crystals and it takes significant time and resources to optimize the initial small crystals found during the screening process (Bill et al., 2011) . Since early 1940s, electron diffraction has been used to solve the crystallographic problems (Bendersky & Gayle, 2001 ). The basic principle of electron crystallography is similar to X-ray crystallography in a concept that protein crystals scatters electron beam to produce a diffraction pattern. The crystals that are used in the electron crystallography are needed to be thinner than X-ray crystal as the interacting power of electron is much stronger than that of X-ray photons (Henderson & Unwin, 1975; Kimura et al., 1997; Kuhlbrandt et al., 1994) . Over the past decades, the electron crystallography has been successfully used to determine the structure of several difficult proteins with two-dimensional crystals (2D electron crystallography) . However, this technique is normally only possible to produce one diffraction pattern from each crystal as electrons have very high energy which causes a large amount of radiation damage to the sample crystals, resulting in the loss of structural information (Glaeser, 1971) . To overcome this, the electron diffraction patterns that are produced from hundreds of individual crystals are merged to generate a single data set. Not surprisingly, several studies have conducted the electron crystallography using 3D protein crystals over the past decades, but it has until recently failed to determine the atomic structure. However, A recent study reported a novel technical approach to electron crystallography, called micro electron-diffraction (MicroED) providing a striking feasibility to determine high-resolution protein structures by using electron crystallography of 3D protein crystals (Shi et al., 2013) . In this paper, we review the technical advances in electron crystallography of 2D and 3D crystals with several recent studies (Table 1) .
2D ELECTRON CRYSTALLOGRAPHY
2D electron crystallography records electron micrographs of 2D crystals. Such 2D crystals are periodic arrangement of molecules (e.g., proteins). This allows determination of high-resolution structural details as a single micrograph of 2D crystals of large numbers of identical subunits arranged in same orientation. The basic concept of electron crystallography is similar to X-ray crystallography. Henderson and Unwin (1975) were the first to use electron crystallography in their structural analysis of the integral membrane protein bacteriorhodopsin . They showed that EM could be used for the molecular structure determination at subnanometer resolution. In 1990 a near atomic resolution structural analysis showed the potential of electron crystallography as a competitive alternative to X-ray crystallography in the determination of membrane protein structure (Henderson et al., 1990) . Electron crystallography was initially used to determine the membrane protein structure by reconstituting the protein into 2D crystals with lipid (Pope & Unger, 2012; Raunser & Walz, 2009) . Recently, electron crystallography has been applied to the structural study of soluble proteins that has been dominated by X-ray crystallography and NMR spectroscopy (Ellis & Hebert, 2001) . In applying electron crystallography the study of soluble proteins, the formation of large, coherent and stable 2D protein arrays and reproducible transfer of the arrays to the EM grid are required. Several soluble proteins have been investigated using electron crystallography including 2D crystals of viral capsid proteins (Ganser-Pornillos et al., 2007; Purdy et al., 2008) . Structural information on 2D protein crystals can be obtained by recording on film or using charge-coupled device cameras real-space images or electron diffraction patterns. The spots of the diffraction patterns that can be evaluated to give the amplitudes of the protein structure. However, if the 2D crystal is poorly ordered, only low-resolution diffraction orders can be obtained which are unsuitable for the structural determination. Fourier transformation of real-space images of 2D crystals can give access to the amplitude and phases of the protein structure. If the 2D crystal has moderate defects, the crystal distortion can be computationally corrected before the mathematical calculation of the Fourier transformation in a process called "unbending" (Schenk et al., 2010) . The unbending process improves the number and quality of highresolution spots in the calculated Fourier transformations of images and this gives the access to higher resolution information (Schenk et al., 2010) . The MRC suite of programs implement all of the computer data processing required for electron crystallography. The use of image processing programs used to require significant background knowledge and experience and they were also cumbersome. However, a recently developed user-friendly graphical interface with the MRC programs, called the 2dx software package, makes easier and accelerates the computer image processing for electron crystallography (Gipson et al., 2007) . In order to generate 3D model from 2D crystals, the specimen can be tilted in the EM to obtain the sample at various angles. Untilted images are used as reference to provide a common phase origin for the tilted data set. The individual image datasets can then be merged into one big dataset via several steps: symmetrization, scaling, merging, tilt geometry refinement, lattice line fitting and discretization. 
3D ELECTRON CRYSTALLOGRAPHY
In a conventional X-ray crystallography, the size limitation of a crystal for adequate diffraction data with a regular synchrotron is >50 mm in length. In the case of difficult objects, such as large protein complexes, time and resources are extensively wasted to yield the well diffracting large crystals. Thus, it is highly required for the collection of high-quality diffraction data from small-sized crystal (approximately <10 mm 3 ). Recently developed X-ray free electron lasers (X-FELs) can afford to the structural determination of such crystals (Boutet et al., 2012) . This is an emerging method for the structural determination of 3D crystals which ranges from a few micrometers to hundred nanometers in size (Boutet et al., 2012) . In the experiment of X-FELs, millions of small sized crystals are continuously passed through the X-ray beam, resulting in the formation of thousands of individual diffraction "snap shots" which will eventually be merged to reconstruct high-quality 3D structure. However, more recent studies suggested that the small crystals are still suffered from the radiation damage (Nass et al., 2015) . Although the novel X-ray crystallography technique, X-FELs, is the most promising approach in nanocrystallography, it has several limiting factors including, large amount of sample requirement and high cost. The most recently developed method, called MicroED, is the electron crystallography technique which allows the collection of high quality electron diffraction patterns using extremely small-sized 3D crystals, ranging of 0.1 to 0.4 mm thick (Shi et al., 2013) . In 2D electron crystallography, electron dose that is required for the adequate diffraction data is relatively high and due to the reason, it can only produce a single diffraction pattern per a crystal. Thus, diffraction patterns from large number of individual crystals must be merged to reconstruct the 3D structure. Like 2D crystallography, a traditional approach of 3D electron crystallography only collects a single electron diffraction data per a crystal. Because of the reason, indexing single diffraction patterns was extremely difficult due to the lack of sufficient information in a single diffraction pattern. With developments in hardware and software, a recent study overcome the difficulties in indexing and merging process by collecting a complete diffraction data set from a single nanocrystal under low electron dose condition (~10 e -/Å) (Shi et al., 2013) . In the study, the diffraction dataset of a single crystal were recorded as a series of snap shot by rotating the crystal (0.1~1°). However, the rotation must be paused during the exposure which causes the drifting issues. More recent study used the improved data collection protocol, called the continuous-rotation mode for MicroED, which oscillates the crystal during the exposure that allows to measure more accurate intensities due to finely sampled reciprocal space (Nannenga et al., 2014b) . Although, some modifications are still required for the method, several highresolution structures have been reported (Nannenga et al., 2014a (Nannenga et al., , 2014b Yonekura et al., 2015) .
CONCLUSIONS
An electron crystallography is not a novel EM technique and its concept has been modified and improved from 2D to 3D crystallography. The fundamental bottlenecks appearing on 3D crystallography have been solved by developments of hardware (improvements in detector and aberration corrector) and software (powerful software algorithms). Even though, several studies have been successfully reported high-resolution structures using 3D electron crystallography, it still has some factors required to be improved such as experimental phasing as phase of electron diffractions cannot be measured. The phase information is crucial factor for crystallography and it requires an accurately integrated diffraction intensities and improved electron scattering tables for atomic model mapping (Scherer et al., 2014; . Several strategies have been conducted to obtain the phase information, including heavy metal isomorphous replacement and changing wavelength of an electron beam, but it has still not been clearly resolved yet. Although, further studies are highly needed to resolve the phasing problem, 3D electron crystallography is highly promising and complementary tool for structural biology.
